Presence of the dihydrouridine (D) stem in the mitochondrial cysteine tRNA is unusually variable among lepidosaurian reptiles. Phylogenetic and comparative analyses of cysteine tRNA gene sequences identify eight parallel losses of the D-stem, resulting in D-arm replacement loops, Sampling within the monophyletic Acrodonta provides no evidence for reversal. Slipped-strand mispairing of noncontiguous repeated sequences during replication or direct replication slippage can explain repeats observed within cysteine tRNAs that contain a D-arm replacement loop. These two mechanisms involving replication slippage can account for the loss of the cysteine tRNA D-stem in several Jepidosaurian lineages, and may represent general mechanisms by which the secondary structures of mitochondrialtRNAs are altered.
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Introduction
The animal mitochondrial genome usually contains 22 tRNA genes. Whereas nuclear tRNAs exhibit highly conservative secondary structures, animal mitochondrial tRNAs are more variable (Wolstenholme 1992) . Animal mitochondrial tRNAs normally contain four stems common to standard tRNAs, the amino-acid-acceptor stem (AA), the dihydrouridine stem (D), the anticodon stem (AC), and the T!IX (T) stem. Some animal mitochondrial tRNAs have lost D-or T-stems, forming replacement loops instead of stems (Wolstenholme 1992) . All known examples of T-stems shifting to replacement loops occur in nematodes (Wolstenholme et al. 1987 ). All metazoa lack a D-stem in the serine (AGN) tRNA (Wolstenholme 1992) . Nematodes (Dirheimer et al. 1995; Wolstenholme et al. 1987) , some mollusks (Boore and Brown 1994) , and an annelid (Boore and Brown 1995) lack a D-stem in the serine (UCN) tRNA. The marsupial, Didelphis virginiana, lacks a D-stem in the lysine tRNA (Janke et al. 1994) . The frog, Xenopus Zaevis, lacks a fully paired D-stem and has been postulated to form a D-arm replacement loop in the asparagine tRNA (Dirheimer et al. 1995) . The D-stem in the cysteine tRNA is missing in the tuatara, Sphenodon punctutus (Seutin et al. 1994) .
Several processes potentially could cause the loss of a stem from a tRNA gene. Accumulation of substitutions that disrupt pairing in a stem would produce a large replacement loop. In the case of a D-stem, the replacement loop produced in this manner would be 12 bases or longer. Deletion of bases in part of a stem may disrupt base pairing, causing the formation of a smaller replacement loop. Insertion of a sequence in a stem or loop could create a large replacement loop. If the insert is large, the resulting replacement loop could be too big and a realignment of an adjacent stem could occur to reduce the size of the replacement loop. Deletion and insertion of sequences may occur by replication slippage. While deletion leaves no trace in the resulting sequence, insertion of a sequence by replication slippage can leave tandem or noncontiguous direct repeats. Slipped-strand mispairing of noncontiguous repeats during replication leaves a highly recognizable pattern of three copies of a repeated sequence separated by two copies of a different repeated sequence (Levinson and Gutman 1987) .
Large changes to the secondary structure of a tRNA, such as loss of a stem, have been considered useful in reconstructing phylogenetic relationships (Wolstenholme 1992) , because homoplasy (parallelism and reversal) is unlikely. Models for the formation of replacement loops involving deletion or insertion of sequences should not be subject to reversal but could produce parallelism because replication slippage could occur on separate lineages. Transfer RNAs require AAand AC-stems to be functional (Dirheimer et al. 1995) . Loss of the D-or T-stem seems not to inhibit function (De Bruijn and Klug 1983; Steinberg, Gautheret, and Cedergren 1994; Wolstenholme, Okimoto, and Macfarlane 1994; Dirheimer et al. 1995) .
The mitochondrial cysteine tRNA has been shown to have the standard four stems in most vertebrates (Kumazawa and Nishida 1993; Dirheimer et al. 1995) . We have identified a rare case where considerable variation exists for the presence of the D-stem within a group of reptiles, the Lepidosauria.
Sequences of the cysteine tRNA gene are reported for all major lineages of the Lepidosauria.
Phylogenetic analysis is used to examine the evolutionary distribution of the loss of the D-stem from cysteine tRNAs. Examination of sequences in and around D-arm replacement loops of cysteine tRNAs suggests a general mechanism by which secondary structures may be altered in tRNAs encoded in the animal mitochondrial genome.
Materials and Methods
Tissue samples were collected and frozen immediately in liquid nitrogen. Voucher specimens for all samples were deposited in museum collections and sequences in GenBank (appendix). Genomic DNA was ex-tracted from muscle or liver tissue using the Qiagen QIAamp tissue kit. Genomic DNA was amplified with primers listed below using a denaturation at 94°C for 35 s, annealing at 45-53°C for 35 s, and extension at 70°C for 150 s with 4 s added to the extension per cycle, for 30 cycles. Amplified products were purified on 2.5% Nusieve GTG agarose gels and reamplified under similar conditions.
Reamplified double-stranded products were purified on 2.5% acrylamide gels (Maniatis, Fritsch, and Sambrook 1982) . Template DNA was eluted from acrylamide passively over 3 days in which Maniatis elution buffer (Maniatis, Fritsch, and Sambrook 1982) was replaced each day. Cycle-sequencing reactions were run using the Promega fmol DNA-sequencing system with a denaturation at 95°C for 35 s, annealing at 45-53°C for 35 s, and extension at 70°C for 1 min for 30 cycles. Sequencing reactions were run on Long Ranger sequencing gels for 5-12 h at 38-40°C. L3887, L4160, L4178a, or L4178b and H5934. Both strands were sequenced using the following primers L5551, L5556b, L5638a, L5638b, or L5706 and H5934 or H5937. Primers are from , except L4 160, which is from Kumazawa and Nishida (1993) , and L555 1 5'-GACCAAAGGCCTTCAAAGCC-3', Primers are designated by their 3' ends, which correspond to the position in the human mitochondrial genome (Anderson et al. 1981) by convention. Negative controls were run on all amplifications. Amplifications were done with one of the following primers: L3881, taxonomy is based on unpublished data) showed no evidence of reversal to a cysteine tRNA containing a D-stem. Two secondary-structural models can apply to cysteine tRNAs in acrodont lizards ( fig. 1 ). These models differ in the length of the AA-stem, accommodated by a shift in the T-stem. The two models do not affect the interpretation of a D-arm replacement loop. In the Gekkota, Eublepharus and Teratoscincus have a normal cysteine tRNA, but two separate lineages, Lialis and Gekko, lack D-stems. The Xantusiidae has a cysteine tRNA with a large D-arm replacement loop. In the Scincomorpha, the sister lineage to the Gekkota, a single phylogenetically nested lineage, Teiidae, lacks a cysteine tRNA D-stem. In the Anguimorpha, anguids and xenosaurids show a normal cysteine tRNA, but varanids lack a D-stem. Sampling across all varanids shows no reversal to a state in which the cysteine tRNA has a D-stem (D. Pepin, personal communication).
The exact relationship of Amphisbaenia and Serpentes to lizards is unresolved. All members of Serpentes (snakes) (Seutin et al. 1994; Kumazawa and Nishida 1995) sampled have a four-stem cysteine tRNA, yet Amphisbaenia lack a D-stem.
which is new. Secondary structures of tRNAs were inferred from DNA sequences using the criteria of Kumazawa and Nishida ( 1993) .
Results
Sequences obtained for the mitochondrial cysteine tRNA gene from reptiles varied in length ( fig. 1 ). This length variation is caused by the absence of a D-stem in some coded tRNAs. D-arm replacement loops are usually smaller than the 12 bases minimally needed to form a D-stem in mitochondrial tRNAs. The only exception is the xantusiid lizard, Xantusia vigilis, which has a D-arm replacement loop of 14 bases.
Phylogenetic Distribution
The phylogenetic analysis revealed numerous parallel losses of the cysteine tRNA D-stem ( fig. 2 ). The tuatara, Sphenodon punctatus, is the sister taxon to all other lepidosaurs and lacks a D-stem in the cysteine tRNA (Seutin et al. 1994) . Other lepidosaurs show variation for the presence of this D-stem in each of four major lineages: the Iguania, Gekkota, Scincomorpha, and Anguimorpha. Either the D-stem was lost in a common ancestor four-stem cysteine tRNAs was the T-stem, which conof lepidosaurs and regained seven times, or eight parallel tained no invariant sites. In contrast, the D-stem was highly conserved. Two positions are invariant and three losses occured. Lepidosaurian cysteine tRNAs that conothers vary within purines or pyrimidines. One additional site is nearly invariant as U (K in fig. 3 ). Only tain a D-stem (sampled here; Seutin et al. 1994 ; Kuthe base pair positions 13-22 (see Kumazawa and Nishida 1993) adjacent to the D-loop were highly variable. In addition, one base position between the AA-and D-stems and the position between the D-and AC-stems are restricted to purines. These observations suggest that reversal creating D-stems in seven independent lineages is highly unlikely. Parallel loss of D-stems is favored also because lineages lacking D-stems that were sampled in detail (Acrodonta and Varanidae) show no sign of reversal. A mechanism in which parallelism is predicted but reversal is unlikely must be responsible for the patterns observed.
Within the Iguania, all eight iguanid lineages (defined by Etheridge and de Quieroz 1988 ) exhibit a normal secondary structure for the cysteine tRNA. Acrodont lizards lack the cysteine tRNA D-stem. Extensive sampling within all major lineages of the Acrodonta (Chamaeleonidae, Agaminae [African, Asian, and Austrailian taxa], Leiolepinae
[Leiolepis and Uromastix];
Repeated Sequences
Transfer RNAs with D-arm replacement loops contained direct noncontiguous or tandem repeats ( fig. 4 ). These repeats were concentrated in the D-arm replacement loop, and sometimes in the adjacent AC-and AA-stems. Some of the noncontiguous repeats extended into a noncoding sequence between the cysteine and tyrosine tRNA genes as well as the adjacent tyrosine tRNA gene. The following analysis focuses on repeats 
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TAGGCCTGAGAGATTTTTTCT-TTCCCCGTCCAGATTCCT tions may force coded tRNAs to lose a stem, changing the secondary structure. Deletion of bases resulting from slipped-strand mispairing of noncontiguous repeats could excise part of a stem, forcing the tRNA to adopt a new secondary structure with a replacement loop. Duplication resulting from slipped-strand m&pairing of noncontiguous repeats could insert bases in a stem or loop. An insert in a stem may disrupt base pairing. An insert in a loop may enlarge the loop too much. Hence, an insert in either a stem or a loop may influence a change in tRNA secondary structure with the formation of a replacement loop. If the repeats observed in Chamaeleo resulted from errors in light-strand replication, the nine-base insert would have added bases to the ancestral cysteine tRNA D-loop. This addition may have forced the cysteine tRNA to adopt a new secondary structure in which the ancestral D-loop, one side of the D-stem, and one side of the AA-stem were pushed out of the tRNA gene ( fig.  6A) . Part of the other side of the D-stem and part of the new repeat would have formed a replacement loop. The other part of the repeat would have taken the place of the displaced AA-stem. This repeat is unlikely to have resulted from errors in heavy-strand replication; bases would have been inserted between the AA-and D-stems, forming a large replacement loop. A realignment placing repeats in the AC-stem and -loop would produce an enlarged anticodon loop that would render the tRNA nonfunctional. A similar mechanism can explain the noncontiguous repeats observed in Cnemidophorus, Sphenodon, Xantusia, and Varanus, which also would have had bases inserted in the D-loop/stem region.
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Tandem Repeats
The tandem repeats observed in Lialis and approximated in Bipes and Gekko may have resulted from direct replication slippage that added sequences in the D-loop/stem region. This process also could create a large D-arm replacement loop. If the replacement loop is too big, part or all of the original AA-and D-stems could be forced out of the gene ( fig. 6B ).
Replication
The cysteine tRNA is adjacent to the standard position for the origin of light-strand replication in vertebrate mitochondrial DNA. Misalignment during early stages of replication could generate slipped-strand mispairing and direct DNA slippage (Buroker et al. 1990; Hoelzel et al. 1994 ). Many vertebrates are now known to contain rapidly evolving tandem arrays of repeats in the control region where heavy-strand replication is initiated (for a review see Hoelzel et al. 1994) . 
Stem Realignment
The fact that tRNA stem regions may realign has profound implications for the assessment of homologous base positions in these genes. Phylogenetic analysis depends on homologous characters. Secondary-structural models for tRNAs have been advocated as a criterion for assessing homologous characters (Kumazawa and Nishida 1993; Macey and Verma 1997) . Homology of the base sequence of tRNAs therefore cannot be resolved unambiguously with tRNAs that do not contain four stems.
Realignment of the AA-stem after insertion of a sequence in a D-or T-stem/loop region would change the position of homologous sequences in the secondary structure of the molecule. Additionally, tRNAs lacking a D-or T-stem may extend their AA-and/or AC-stems to avert the problem of having a shorter mitochondrial tRNA that must function with protein-synthetic machinery suited to full-sized tRNAs (Steinberg, Gautheret, and Cedergren 1994) . A possible example is observed in the cysteine tRNA of the acrodont lizard, Agama atru ( fig. 7) . A shift in the T-stem can contribute an additional base to the AA-stem and variable loop. Pairing of the shifted base from the T-stem with a base from the D-arm replacement loop could create an eight-base Slipped-Strand
for insertion or deletion of sequences by slipped-strand mispairing of noncontiguous repeats during replication. This mechanism is illustrated with a sequence from the acrodont lizard, Chamaeleo jischeri, and light-strand elongation. Initial sequences shown lack one copy of the original noncontiguous repeat and one copy of the intervening sequence observed in Chamaeleo. Sequences with bars above and below represent noncontiguous repeats. A, Slipped-strand mispairing produces an insertion: Slippage of the daughter strand during elongation results in two loops of different lengths. After replication continues, insertion of a sequence containing one additional copy of the noncontiguous repeat and another copy of the intervening sequence occurs. B, Slipped-strand mispairing produces a deletion: Slippage of the template strand during elongation results in two loops of different lengths. The 3' end of the nascent daughter strand is left unpaired and is excised. After replication continues, deletion of a sequence containing one copy of the noncontiguous repeat and the intervening sequence occurs.
AA-stem. Pairing of a base from the variable loop with one from the D-arm replacement loop could extend the AC-stem to six bases. It is also possible that, after a shift in the T-stem, the two end bases of the tRNA gene eventually become excluded from the functional tRNA, resulting in a shift of the AA-stem as a whole (see acrodonts in fig. 1) . Hence, homologous sequences may be difficult to assess in genes that code for tRNAs with replacement loops, and use of these characters may be misleading in phylogenetic studies. Among animal mitochondrial tRNAs, parallel loss of a stem has occurred in the invertebrate sex-me (UCN) tRNA (Wolstenholme et al. 1987; Boore and Brown 1994, 1995; Dirheimer et al. 1995 ) and the reptilian cysteine tRNA. Models of slipped-strand mispairing of noncontiguous repeats during replication or direct replication slippage could operate on separate lineages as a result of errors in replication, which would explain the observed parallel events. Replication slippage may represent a general mechanism by which the secondary structures of mitochondrial tRNAs are altered.
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Step 1: A noncontiguous repeat was placed in the same position as is observed in the acrodont lizard, Chamaeleo jscheri. Arrows point to the actual bases found in Opfurus.
Step 2: A duplication event resulting from light-strand replication errors ( fig. 5 ) creates a nine-base insert in the D-stem and loop.
Step 3: A realignment of bases on one side of the AA-stem forces one side of both the AAand D-stems out of the gene. Noncontiguous repeats can arise with different amounts of intervening sequence and the exact position of realignment is not fixed. In this example, the realigned AA-stem is a one-base shift from the AA-stem observed in Chamaeleo (fig. 4A) . B, Strand slippage produces a tandem insert.
Step 1: The tRNA of the gekkonid lizard, Terutoscincus przewalskii.
Step 2: Strand slippage during light-strand replication produces a four-base tandem repeat in the D-stem and -loop.
Step 3: Realignment of one side of the AA-stem forces one side of the AA-stem and half of one side of the D-stem out of the gene. Following realignment, the noncoding sequence between the cysteine and tyrosine tRNA genes may eventually be deleted. Realigned stems shown here are possible because mispairing in stems is common among animal mitochondrial tRNAs (Kumazawa and Nishida 1993; Lynch 1996) . For example, the serine (AGY) tRNA which contains a D-arm replacement loop has an AA-stem (in the frog, Xenopus luevis, Roe et al. 1985) with three G-C and two A-T pairs, and the corresponding AA-stem in the marsupial, Didelphis virginiana (Janke et al. 1994 ), has one G-C, two A-T, and two G-U pairs. 
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